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INTRODUCTION AND SUMMARY

i. 1 INTRODUCTION

In recent years analysis of physical events involving
large deformation and flow of materials has become feasible with
the advent of sophisticated computer codes. Many of the large

deformation events of interest occur in very short time periods.

The lack of good data on material p1roperties at high strain
rates has limited the accuracy of the results of computer
assisted analyses. Material properties measured at quasi-static

strain rates often change when high strain rates are applied.

Work is now underway to generate this required high strain
rate material properties data.

The subject of this report is the effect of strain rate
on ultimate failure of copper. The objective of this study was

to experimentally determin•e the strai-n to failure for copper at
strain rates to greater than 1. x 10' strain per second (-I)
'Iwo types of copper, ElectLrolytic rough Pitch (ETP) and OxygJen

Free ligh Conductivity (OF1IC) were studied.

Three separate experizent~aA techniques were used to
-4 -1 4 1obtain strain rates in the range from I x 10 s to 4 x 10 s

A closed-loop control hydraulic test machine was used to find
- 4 -1 0 1ultimate strain at st-rain rates of 1-4lO and 100 s A

tensile split Hopkinson bar7 apipa•ratus was used to obtain ulti-

mate strain at strain rates near 103s- 1  An exploding cylinder
4 - I~technique was developed for strain -r'ate!- to 4 x 1.0 s

Near]ly constant average ultimate strains of approximately-4 -10.40 were measured for strain rates from 10- s to 103-I.
Above 10 s 1 the average ultimate strain increased rapidly, to
approximately 1.10 at a strain rate of 4 x 104s- . Ultimate

strain measurements were also made in the necked 1:egion of all



specillmeiis tested. In general, as strain rate inci-eased the

necked region became less significant ind straining was much more

evenly distributed throu':hout the bulk of the material.

B. 2 BACKGROUND A

Few test procedures are available for tensile property

determination at high strain rates. Conventional testing-1
machines operate at 1 10 o . in the last few years, several

techniques have been developed for up to 10 s-I. Shock physics
provides methods for studying the range of 105o 10so [ow-l

ever, until now there has been no satisfactory means to

determine tensile pt~operti'.,S in the critical neighborhood of

'10 s A brief review of high strain rate testing techniques

is presented below.
Manjoinol conducted tensile tests using a hyd['auiic

tension testing machine to dietevrmi.ine the rate sensitivity of aS
wild steel. The highest strain rates achieved were around

10 2s - (typical of the maximum strain rates achievable with

L....... ehod) T _he test ,-e:nt-s1 wor, seriously affected by
wave propagation offects related to the dynamic elastic defor-

mIti.otn of the luachi.ne itse, If.

The spl.it lHopkinson bar tens.ile test was used by Nicholas2

to obtain tensile strain rates tIp to 103 s on Beryllium and

several other mater'ials. This technique provides direct

measurements of stress and strain under uniaxial stress

conditions. The technique could probably be extended to con-

trolled triaxial stress states by employing notched tensile
specimens as suggested by Hancock3. IIancock has used the e
notched tensile specimen in a hydraulic tension machine at

quasi--.static straiAn rltes to ilnveSti ate tritaxiAl stress;.. states,
in mild steel.

To obtain stralin rates up to 10 3, Bitan;" and Duffy5

used high speed torsional testing machines. They obtained

nearly constant rates of strain in thin-wail.-ed tubular specimens

of coppe-r, a) uminumt, aid le.ad. Probloms were encountered with

2



this technique, due to ch;•lw nqs; ill (1h10 spocilllell loomo tel ( rIt ,inli

the test and the low frequency re sponse of the dynamometej.

system e1 ompi oyed.

;evcrat impact technique. liave been used to produce

higher tensile strain rates. Japanese investiqat-ors used

explosively launched annular flyer plates to produce uniaxial

tonsi le stre;s in austeniti.c stainless steel.fl This ttcchnique

is limi ted beCausO the str'.in rate iS a stlong rljFnct[OI Of

strain. Shul tz 7 ,, has attained strain rates between 10"" and

103 s with transverse impacts onto thin wires. The study of

plasticity is difficult with this technique because the ana-

lysics is based ont propagating olast-ic wavos. The strain rate

is not constant duriny the test, and the maximum strain rate

achievable is limited by the severing velocity of the wire.

Expanding ring tests have been done at strain rates up

to 0.8 x 1.04s -I by Iloggatt et. al. A 50-mm-diameter specimen

ring was fitted onto a massive steel driving cylinder which

contained an axial explosive filled chamber. Detonation of the
e~xplosive produced r~adial shock waves in tn~e cylinder, which

caused the ring to spa1l off. The r.inq expmauIdod (due to the

rad.i.a l, momentum and tensilke hoop stresses were genera ted in the

r i ng . The other two pr-lincipa.l str..ses wero nomi na Illy Zero.

These investigators observed ma::imum strains of only 12 percent
in miild stool, aluminum, and titanium. The strain rate varied

during the experiment due to deceleration of' the ring. The

maximum energy transfer to the r-ing (radial velocity) was

insufficient to induce failure in ductile specimens.



SECTION II

EXPERIMENTAL PROCEDURES

This section describes the experimental techniques which

were employed to determine the ultimate strain of copper at
strain rates from 10-s to above 10 4 s-I.

2.1 INTRODUCTION

Three techniques were used to determine the ultim-ate

strain of ETP copper and OFHC copper at various strain rates.

Each testing method was used over a specific range of strain

rates. The three techniques included a conventional hydraulic

materials testing machine for strain rates of 10- sI and
1 s , a split Hopkinson bar apparatus for strain rates up to

10 s , and an explosively expanded cylinder technique for

strain rates exceeding 10 s-. These techniques were selected

to produce essentially uniaxial tensile stress-strain condi- :

tions in the respective specimens.

The hydraulic testing machine and Hopkinson bar specimens
were the usual "dogbone" shaped tensile specimen. The j
exploding cylinder test employed a right circular tubular

specimen with length to diameter ratio of 8:1.

Two types of copper were studied in these experiments, 4

Electrolytic Tough Pitch (ETP 110, ASTM designation B187) and

Oxygen Free High Conductivity (OFHC, ASTM designation B75 (OF)).

All specimens were fully annealed prior to testing.

2.2 QUASI-STATIC TEST SETUP
At the lower strain rates (10 -4s- to 1 S1 a closed

loop electro-hydraulic machine was used to load the specimens.
Loads were measured with the load cell in the machine, and a

4



differential transformer type extensometer was attached across

the specimen to monitor strain. Strain was also measured by
manually monitoring the diameter of the specimen during

straining. When necking occurred the diameter measurements

were made in the necked region of the specimen, and the ulti-

mate strain determinations were based on these measurements
(as will be discussed later). A uniform nominal strain rate

was maintained with a strain rate pacer. The specimens for

this test were machined from solid drawn round stock of ETP

copper. The usual "dogbone" shape with dimensions as shown in

Figure 1 was employed. The machining was done such that longi-

tudinal axes of the specimen and stock coincided. After

machining, the specimens were annealed at 538 0 C for one hour
in a vacuum.

0.318 cm DIA.

2-92 cm

Figure 1. "Dogbone" Specimen Used for Quasi-Static ancl I
Intermediate Strain Rate Tests

S!ii



2.3 SPLIT HOPKINSON BAR TEST SETUP

The tension tests at the intermediate strain rates
3 -1(i.e., 103s-) were performed on a split Hlopkinson bar appara-

tus developed at the Air Force Materials Laboratory and described

in Reference 2. The device is shown schematically in Figure 2.
This split Hopkinson bar apparatus is capable of testing

materials in tension at maximum strain rates of about 10 3 s-I

The apparatus consists of three main parts; a striker bar, and
two Hopkinson pressure bars. When impacted by the striker, an
elastic compression wave travels down the incident bar through
the shoulder and into the transmitter bar as shown in Figure 2.
The compression wave is refl!cted at the far end of the trans-
mitter bar as a tensile wave. When this tensile wave reaches the

test specimen, elongation of the specimen begins, since the
shoulder interface -annot support tensile stresses. The "dogbone"
specimen illustrated in 1 *gure 1 was used. Data are in the form
of load versus cross-head displacement and are obtained from the

strain gauges attached to the pressure bars. Strain is calculated
from an empirical formula relating b-ad displacement to strain
and gauge length, obtained using -in gauges on dummy cali-
bration specimens. The calculal ;train, assumed unifor- along

the gauge length, does not tak. o account necking if ic occurs.

Independent measurements tc . - • true ultimate strain of the

failed specimen were made. 1 .ivation of the equation for

true strain obtained wit.> surement may be found later in
this section. The str•,•*a . Ln these experiments was calculated

as the time derivative of the strain measured during the experi-

ment. This strain rate is negligibly different from the true

strain rate as described later. True stress was calculated from
load divided by actual area (original area corrected due to
uniform axial strain, assuming incompressible plastic flow). The

specimens for this test were machined from the same piece of
round bar stock and with the same directionality as that used

6
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for the quasi-static test specimens. The specimens were annealed

in a vacuum at 538°C for one hour.

2.4 EXPANDING TUBES

The technique developed for the evaluation of ultimate

strain at strain rates above 10 4s- employed explosively -4

expanded cylindrical tubes. When detonated the explosive

pressures produced radial motion of the material. Tensile A
hoop stresses were generated in the tube during expansion to

failure.

The ETP tubes were 152 mm long, with an outside diameter

of 19 mm, and a wall thickness of 1.92 mm. The ETP tubes were

manufactured by boring and honing a hole in drawn solid round 1
stock. The stock material was part of the same bar from which

the "dogbone" specimens were made. This procedure produced a

good surface finish with circumferential machining artifacts

on the tube.

Due to material availability problems, sizes and manu-
facturing techniques for the OFHC tubes were net constant. El
Some were specimens made by sectioning OFHC drawn tubing. The

other fabricating technique was similar to that used for the

ETP specimens. The drawing operation left small longitudinal

mars on the tube. These imperfections were reduced by hand

honing the tubes. Once these manufacturing operations were

completed, the tubes were annealed at 538'C for one hour in a

vacuum, then furnace cooled to room temperature. This annealing

process resulted in a material hardness of 41 RF (Rockwell "F"

scale uses 1/16" diameter indenter with a 60 KG load). This

hardness corresponds to a 0.050-mm temper as specified by the

American Society for Metals. 10

Two types of explosive loadings were used in the tube ,

geometry, as shown in Figure 3a and 3b. Each loading provided

a different strain rate at failure. For the highest strain

rates, pentaerythritoltetranitrate (PETN) filled cylinders

8}



....-- COPPER END-CAP

AND ELECTRICAL RETURN

-- PETN EXPLOSIVE

152.4 mm 190ram WALL THICKNESS

11905mmr DIA

-COPPER TUBE SPECIMEN

COPPER

POLYEIHELENE

EXPLODING D1RIDGEWIRE
INITIATOR

Figure 3a. PETN Filled Tube Specimen Detonated by Exploding
Bridgewire Specimen

POLYETIILLENE END-CAP

"1- 901am WALL IHICKNESS

OIL.

152 4,nr. PRIMA- CORD

190,mirUIA -

- COPPER TUBE

" POLYEIHELLNE END-CAP

6 35-mm-OD ,6 ELECITRIC BLASTER'S CAP

COPRE 3 81mrn DIA -"

Figaie 3b. Prima-Cord Tube Specimen Detontated by Electric
Blaster's Cap

iq



were used. These tubes were loaded incrementally with HE by
pressing 2.02 gram quantities of PETN individually into the

tube. Each of 12 pressings needed to fill the tube was indi-

vidually compressed, to obtain an average density of 0.88 g/cm
This method resulted in a more uniform packing d( nsity than

could otherwise be obtained through one pressing of the total
volume of material.

At 0.88 g/cm3 packing density, PETN is most sensitive to

detonation by the exploding bridgewire technique. 1 The wire

used in these experiments was 0.127-nmm-diameter platinum. By

discharging the stored energy in a low inductance capacitor

bank into the wire, simultaneous initiation of the explosive

was expected to provide uniform expansion of the tube. Due
to local end effects of the exploding bridgewire, however,

initiation of the explosive occurred somewhat sooner at the

tube end than elsewhere.
4 - IFor the lower strain rates (1 x 104s-), a length of

Prima-Cord was coaxially positioned in the tube with the
remaining volume being filled with hydraulic-type oil. The

Prima-Cord had a 2.5-mm-diameter core of explosive, and

detonation was initiated with an electric blasting cap

attached at one end.

2.5 LAWRENCE LIVERMORE LABORATORY (LLL) EXPERIMENTS

Kury, et al, I' at Lawrence Livermore Laboratories have

explosively expanded metallic cylinders for many years. Their

objective in the experiments was to investigate the relative

metal-accelerating ability of various explosives. They did not

study the strain rate ulLiniate strain properties of the metals

used in those studies.

In the LLL experiments OFUC copper tubes of various sizes
(30 ,mm to 100 mm ID) were expanded explosively, using many types

of explosives. All of the experiments used electric blasting

caps attached at one end for explosive initiation. This

technique caused the circular cylindrical tubes to expand with

10



a conical shap:e. Simui-Laneous framing camera and streak

camera records wOere obtained. UDRI and iLU coinducted a techi-
flica. intrchane in which their data were examind- Det

the experimental technique used by them, only a small fraction
of their data were useful for calculating ultimate strain.

2.6 RANGE DESCRIPTION FOR UDRI EXPLODING CYLINDER TESTSs

A jphotimo] rlh (f t hei inudoor range used to coniduct the
e1X[pAndijng tLuhc' t-eSt-S It URIU is shown in Figure 4. This range
is physically located in a separate huiidifig, or~iginally

-~ Idesigned for shock tube work, on the Un5 versity campus. The
building has two rooms, one of which contains the range
(Figure 4) and the other contains the conitrol equipment (not
Shown')

.Z podn .rdg .ir .
.I 'ani

Ii'j qure it. UDRI Ranye for Ex >plodi ng Tube Ire st s



The blast tank used to contain the explosive debris in

these experiments is part of a multiuse range. This steel

tank is 90 cm inside diameter by 150 cm long, with a wall

thickness of 3 cm. The tank ends are elliptical to provide

higher pressure capabilities ("ý500 g of HE). The tank is

equipped with a 46-cm diameter man access port, two 23-cm

diameter ports for optical access, and several smaller ports

used for vacuum system connection and electrical cable

teed through.

All tube experiments were conducted at room temperature

(b 230C) and in an air atmosphere at 125 mm of mercury. This

partial vacuum reduced degradation of the photographic records

by air shocks.

The exploding tubes were mounted in the blast tank on

a large permanently attached I-beam. This mounting base

allowed a rigid attachment of the tube to be made and provided

ease of locating the tube in the optical field of view. A

typical mounting is shown in Figure 5. In the design of this

mount, care was taken to prevent external clamping on the ends

of the tube (see Figure 3), thus reducing end effects on the

deformation of the tube as much as possible.

The exploding bridgewire circuit was designed for low

inductance operation so that the stored energy of the capaci-

tor bank could be transferred to the bridgewire more

oefficiently. Three capacitor's of 0.04 il! inductance each were

connected in parallel, for a total capacitance of 38.4 VF.

These capacitors were charged to 19.5 KV for the experiments.

The stored energy was switched to the bridgewire using a spark

gap switch. A pair of parallel. low inductance coaxial cables

carried the energy to the bridgewire. This cable has an

inductance of 33 nHi/ft. The total inductance of the exploding

bridgewire circuit was 0.4 jII.

A Beckman and Whitley Model 300 rotating mirror contin-

uous access framing camera was utilized to photograph the tube

expansion. This camera has a 48 frame format with framing

12
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4Explosive lj~lled Tube

j~

_j~ . 7'I

MountnimMon

Figure 5. Typical Mutof Explosive Tube in Blast Tank
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66
rates up to 4.5 x 10- f /s. For thlese, cylinder tests the-.

camera was operated at ', I x 10 f/s . Tnterframo corrections
of Preonas13 were used for reducing data of the framing camera

records. A schermatic of the optical setup for the tests is
shown in Figure 6. As may be seen, the tube was back-lit.

The illumination was provided with a spark-gap light source

and a twin-element 255-mm-diameter condenser lens. The gap

was energized with a 30 iiF, 18 KV capacitor bank. The light

source provided sufficient light for recording, with a dura-

tion of "\55 iis. The triggering pulse to the light source was

delayed 10 jis behind the triggering pulse to the exploding

bridgewire capacitor bank. This provided time for detonation

to begin, so that failure could be detected on the framing

camera record.

SPARK GAP
IGHT SOURCE

-CONDENSING
4Stifp LENS

/ / /i -- _-_ -" -i It

FRONT SURFACE ,- " A;BLAST TANK
MIRROR

MODEL. 300 FRAMING ' I --- -I.... FIL OFVtW
CAMERA ,,2•", F / r OF FRAMING

I Tl•£ Ill I I I /CAMERA

I~i.I

Inside of Blast Tank

I j14

i '( )



2.7 THEORETICAL DERIVATION OF STRAIN

2.7.]. Strain Measurement in Tensile SpIecimens

For the "dogbonc" specimens used in the static

tests and the split lHopkinson bar tests (Figure 1) , the true

strain based on diameter measurements is derived as below.

Increments of true strain are defined as dL/L

where L is the actual gauge length at any moment and dL is

the incremental change in length caused by an incremental

increase in load. The true strain e at any load is found

from:

S L dL/L = logeLf!/L
L

0

Assuminig that the volume remains constant durinqg straining,

then:

V = A I. = V = A .f
0 00 f f

where V, A and L, are the volume, cross-sectional area and

the gauge length respectively, before a load is applied. VV,

Aft and L are the same respective values under load f. Then:

fo L

A 0  L f~

Af L0

and

A
c = loge Afo

Af

The area is related to the diameter by:

A = i (d
2 )

:i 5



so that the true strainl may be fouwd from-

d° 2  N
S=logo •y 1

df

where d( is the original diameter and df is the final diameter.

2.7. 2 Expanding Tube Strain, Strain Rate Derivation

The qeometry of the expanding tube is shown in
Fiqur-e 7. Thie derivation )f strain for this. geomectry follows.
In polar cootdinate•, the tancentia.l. strain displacement rela-

tion is given by:

I'

= where u is the radial dissplacement at thie radius r. Thi.s I
equation is: valid tov small values of :;tL-aIm (i.c. , t .)

and i., gcncrally referred to as enqinoer.inqi or apparent strain.

The so-cal led tr-tue or " oqar -ithil ic strailn is obtained by con-

sidcerinj that thce radial displacement u is actual.ly Ar. For

small u, Ar dr and the. truo .,ttrain would be obt:acinod by

summingu all. the At''s due to an incrementally increased load

fr'om 7.ero to f , or

1.*

fT
in (2)

To obtain tanqential surf.ace strain fronm the high speed

fraini uq camera records, only the outside radiusl nieed be m0easur.-ed c
'I'hc strain rate miay be obtained by takinu t-he

Fd1r0i-vat:ive witt) re.,pect to time of the strain. The result i r,

'jiven by:

L 16
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r, rI I.I I

to •//

Figure 7. Geometry for Tube Strain Displacement Equations

KV

where r i.s the tube wall. velocity at radius r.

T1hese equation.-; were uksed to reduce the photo-.

qraphic data froin aill the experiments.

2.7. 3. Strain from Thickness Measurements
Strain in an expandinq cylinder may also be ob-

tained using wall thickness measurements if constant volume uni-

L form dI formation is assumed. This gives:

A = A1 '(.A f' f

where : refers to the tube .lngqth and the subscript f is the

quantity ,It fai.]ure the cross seccional area A, is given by:

A 2 rt

1.7



where r is the mean tube radius and t is the wall thickness.

With the strain given by Equatfion 2:

r
S=in ror

and substituting from above the strain may be written as:

t 9.
0 0

c In
S= n tf(3)

Implied in this derivation is the assumption that the tancjen-

tial strain is uniform across the thickness of the tube. This

assumption will be valid as long as t/2r < 0.1.

Assuming the tube length does not change during the

expansion, Equation (3) becomes

t
. o(4)4-

Vihýe vajidity of this assumption is checked in the Results

Section.

Use of Equation (4) to calculate strain in a

necked region and in locations away from the neck will be

analogous to using the diamieter measurementý of the tensile

specimens in simdilar locations.

S2.7.4. Radial Strain

In polar coordinates, the radial strain displace-

ment relationship is given by

J5 ) u

wh'ich it; also only valid for c <1: i, since the nonlinear terms

have been dropped. This equation, as well. as the equation for

tangential. strain, is based on assumptions that (1) the tube

1.8
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expands symmetrically; and (2) that axial elongations are

negligible. The validity of these assumptions will be

checked in the section on Results. With these assumptions,

the derivation will follow, as before, to give

tf
S=r t

The values given by this equation will be equal in magnitude,

but opposite in sign of 0*

19



SECTION II-

EXPERIMENTAL RESULTS

3.1 MTS AND IHOPKINSON BAR TESTS

A failed tensile specimen typical of those in the quasi-

static tensile and Hlopkinson bar experiments is shown in

Picture 8. Table 1 is a sunmiary of the data from these experi-

ments. The strain rate data were calculated by differentiating

the strain gauge output with respect to time, as discussed in

Section II and in Reference 2. The strain data were derived

from diameter measurements on the failed specimens. The

values of average strain were calculated from the average

diameter far from t-he necked region (i.e., greater than two

diamoters from frzacture surface) . Within the measurement

uncertainty (\0.012 mm) the failed speci mens were circular

in cross section. Strains in the necked region were calcu-

lated from the diameter meagurements with cross-sectional

circularity uniform within ",0.012 mm measurement accuracy.

This indicates tnat the assumption of axial symmetry is valid.

S7-

Figure 8. Typical Faailed Low Strain Rate specimen

20
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3.2 LAWRENCE LIVERMORE LABORATORY (LLL) DATA

A summary of the data obtained front the Lawrence Livermore

Laboratory is shown in Table 2. A variety of explosives were used

in several sizes of cylinders made of Oxygen Free High Conduc-

tivity, fully annealed copper. Back-lit streak and front-lit

framing camera records were available from most of the LLL

experiments. However, only a small fraction of these contained

information on ultimate cylinder failure. Except where noted,

the data reported here were reduced from streak camera records

which provide better timing accuracy than the framing camera.

The slits were positioned across the cylinders so that the slope

on the streak record could be related to expansion velocity.

Material failure was identified with a small change in slope

which was usually followed by a loss of sharpness of the streak

record. A schematic representation of a typical streak record

is shown in Figure 9. Shown in Figure 10 are several frames of

a typical cylinder from the LLL experiments. A comparison of

measurements from the streak records and the framing records

showed good agreement. However, the framing camera records

showed highly localized premature material failure for shots

411 and 412. These localized failures were only conspicuous

in the streak record data by the low ultimate strains attained

when these failures occurred. Failures of this type were

associated with high tube radius to wall thickness ratios,
and also with the type of explosive being used. Some of the

explosives such as RDXll are relatively inhomogeneous, resulting

in local "hot spots" in which localized pressure and temperature

extremes occur. Combined with the low wall thickness, these

"hot spots" cause tube failure very early in the expansion

process by generating stress and strain concentration regions.

The more homogeneous explosives, such as Nitromethane, usually

resulted in uniform expansion. However, a number of shots with

high r/t ratios showed premature failure. In the LLL tests, no

fragment recovery attempts were made; thus, we were unable to

study failure mechanisms for these experiments.

22
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"UNDISTURBED TUBE
UNITURBED EXPANSION

i TUBE ~~BEGINS BEKP"

BREAK UP§S~~time--...--

FILM

Figure 9. Schematic Representation of Expanding cylinder on
Streak Record

3. 3 UDRI .XPLO[D)NG TUBE RESULTS

In the initial conception of the exploding cylindcr plan,

the failure radius was to be determined by the appearance of

the explosive gases and detonation light through the opening

cracks in the wall of the cylinder. This phenomena was not

appa.-ent on any of the UDRI records.

A typical framing camera record of a UDRI exploding tube

event is shown in Figure 11. Fluctuations in onset and duration

of the detonation process caused some difficulty in synchro-

nizing the spark gap light source with the expansion of the

cylinder. However, all film records did record tube failure.

Failure was identified with the sudden appearance of jaggedness

in the tube profile.

For several shots, radius measurements were made at more

than one position along the cylinder length. This procedure

was carried out for each frame on the record and for nonuniform

expansions. For example, in Figure 11, the diameter was

24



(a) Begin expansion (b) Intermediate expansion

(c) Cracks form (d) Fracture

Figure 1.0. Expansion Process of LIJ, End-l)etonated Cylinder
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Figure 11,. Typical Camera Record of UDRI Expanding Tube Process
(Right Side)
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Figure 11b. Typical. Framing Camera Record of UDRI Expanding •:
Tube Process (Left Side)

27
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measured at two locations along the length of the tube. The

data from these measurements were then plotted as shown in

Figure 12. (Other strain versus time plots are shown in

Appendix A, along with the framing camera records.) For the

measured shots, failure radius was found to depend slightly on

axial position z. In Figure 12, for example, the ultimate strain

indicated at midlength is ',8 percent lower than at the position

one-quarter length from one end. Thus, the ultimate strain

at the higher strain rates (i.e., >1 x 104s"1) for these tests

is probably slightly less than that which would occur in true

uniform expansion test. Unfortunately, the correction may not

be quantitatively established from the present results.

Recovered fragments from an exploding cylinder experi-

ment are shown in Figure 13. The ultimate strain measured from

the framing camera record was checked by making thickness

measurements on collected tube fragments. The results of these

measurements are shown in Table 3. Two sets of thickness

measurements appear in this table. The average thickness

omeasuremenLs we!: made dt locations on the fragments more than

two thicknesses away from any fractured edge. This thickness

measurement therefore does not take into account necking which

occurred in the specimen near the fracture surface. The other

thickness measurements, a direct measurement of the necking,
was made at distances not greater than one thickness away from

the failure surface. This is a measurement of the minimum

thickness which occurred in the necked region. These thicknesses
are actually an average of several measurements made on numerous

tube fragments. The uncertainty attached to the average thick-

nesses is the standard deviation of the measurements.

A relatively large number (i.e., greater than 20) of these

thickness measurements were made on the specimens. Good uni-

formity (to within measurement error) of these thicknesses

over the many pieces measured indicates that at any cross section

uniform expansion of the tubes was obtained.
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Circumferential fiducial lines were drawn at midlength on

two of the tubes (Shot No. 0 and Shot No. 7) prior to the

experiments. By measuring the distance between the lines before

and after the experiment, the axial elongation of the tubes

was determined to be , 3 percent. This value was consistent for

both the tubes tested, one with a strain rate at failure of
4 l4 -1I1 x 10 s-, and the other at 2.2 x 10 s

The framing camera field of view was as sketched in

Figure 7b. All the exploding tube data appearing in Tables

2 and 3 are based on measurements made at the midlength of the

cylinder. This was done to prevent end effects from being

considered in the results. Examination of the films do not

indicate that any end related phenomena were significant at

tube midlength. Osborn of AFATL has carried out a TOODY cal-

culation for a uniform axially expanded cylinder with

approvimately the same dimensions as the UDRI cylindersll'

(i.e.., OD = 21.6 mm; wall thickness = 1.27 mm; length = 152 mm;
30.88 g/cm3 PETN explosive). Figure 14 shows a velocity vector

plot of half the cylinder surface at 15i Ws after the beginning

of detonation. This plot clearly shows that end effects at

the midlength position on the tube ar1e negligible.

Achieving simultaneous uniformu axial detonation in the

UDRI tests turned out to be very difficult, resulting in

ultimate strain dependence on axial location previously noted.

Instead of having a right circular cylinder at anytime during

the expansion, a conical shell was formed with a total included

angle of 140 to 200 at failure. Due to this cone angle, the

tube was not in a state of uniform axial expansion. Thus,

,: , the axial strain, was not equal to zero at failure, but

can be calculated from:

2

E du)
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2.4

il 1.2

0 -

0 1.2 2.4 3.6 4.8 6.0 7.2

DISTANCE (cm)

Figure 14. Calculated Velocity of Copper Cylinder after 15 )ts,V- Reference 14
L

a Lagrangian component of strain. For small strains this may

be writ.een as:

1 Au2

z 'AZ

where tu is change in displacement of the cylinder wall over a

length along the cylinder axis, Az. Thus,

tu/Az = tan 0

and

1 2S(tan 0)e z 2

where 0 is half the angle formed by the conical tube. The

equation relies on the assumpLion thl ,aves transmitted from

the end of the tube do not cause ax strain relief. The

F;,



bulk sound speed in copper, 3.9 mm/ps, is probably a good esti-

mate of extensional wave speed in the expanded material. Wave

transit time from end to end of the cylinder (152 mm long) is
S38 V-s. The total expansion time to failure of the higher

strain rate cylinders is •20 2s and for the lower strain

experiments •40 vis. Thus, for the higher strain rates, end
relief is probably minimal, while some relief does occur in the

lower rate tests. The extent to which these waves effect the

test is not clear. For a maximum cone angle of 20', the
axial strain • will be 0.015 or about one-half the measuredz
value, based on the fiducial lines previously noted. This

strain is quite small relative to the radial and tangential

strains, and probably has insignificant effects. The expansion

of the tubes at strain rates % 1 x 10 4s- was very uniform

along the tube length. Total included cone angle did not

exceed ,2 degrees, except for end effects already discussed.

Trhis uniformity is due to the smoothing of the pressure inhomo-

geneities by the oil between explosive and cylinder wall.
Thus, these tests most closely approach plane strain conditions.

3.4 HARDNESS MEASUREMENTS

Microhardness measurements were made on sectioned/

polished specimens using the standard Vicker-Hardness test

procedure with a 50 y load. The results of these measurements
are shown in Table 4. The hardness appears to be closely

related to strain and strain rate.

One series of hardness measurements was made in regions
of "uniform" strain, and another set was made in the necked

region only. The same hardness was found in both uniform

m•c necked regions of the expanded tubes. (Since no distin-
guishable patterns of hardness between uniform and necked

regions could be found in the cylinders, all values were used

in calculating the mean and standard deviation values of

Table 4.) There was very little scatter in hardness of the

34
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cylinders, as can be seen from the small magnitude of the

standard deviations. The standard deviation for the tensile

specimens was higher than that for the tube fragments due to

the relatively small number of reliable measurements which

could be made in the necked region of these specimens.

There were consistent variations in hardness between

uniformly strained and necked regions of the tensile specimens.

The difference between the uniform hardness of the tube

specimens and the location-dependent hardness of the tensile

specimens suggests that a nonlocalized diffuse straining or the

tube specimens existed until very late in the expansion. In

the tensile specimens localized straining began very soon

after the yield stress was exceeded.

3.5 METALLOGRAPHIC STUDIES

A specimen or fragment was sect-ioned and polished for

each strain rate specimen tested. The specimens were etched

and photomicrographs were made. All of the tensile specirens

were sectioned such that the longitudinal axis of the specimen
-4 -1

lay in the section plane. Figure 15 shows the 4 x 10 s

strain rate specimen at the necked region and in the uniformly

strained region. There is very little grain elongation in the

uniformly strained region, even when compared to the fully

annealed sample specimen shown in Figure 16. Figure 17 shows

much the same results for the 4 x 10 0 s strain rate specimen.

Figure 18 shows photomicrographs of the split Hopkinson bar

tensile specimen. The uniformly strained section is quite

similar to the specimens from lower strain rates. However,

in the necked region a dramatic increase in the number of voids

which have coalesced is apparent. The void growth process

appears to be dependent on strain rate.

The tube fragments were sectioned on a plane perpendicu-

lar to the longitudinal axis of the tube. Figure 19a shows a

photomicrograph of a tube fragment from a 1 x 10 4 s-I strain

36
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Figure 16. Photomicrograph of Fully Annealed Stock Specimen v

(no straining after anneal.). magnification: 10OX
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rate experiment. Comparing these two micrographs a signifi-
cant difference may be noted. In the higher rate experiment,

voids have coalesced to form pores about 25 jim across. Much
less coalescence has occurred in the 1 x 104s specimen in

which the largest voids are about 5 prm in diameter. The other
notable feature of Figure 19b is the higher concentrations

of voids at the inside wall surface. This feature will be

discussed in the next section.
One effect undergone in the PETN filled cylinders, not

seen in the Prima-Cord loaded tubes or the tensile specimens,

is an externally applied temperature gradient. In the Prima-

Cord tube the oil provides sufficient insulation between hot
explosive products and tube wall. to make temperature effects

negligible. However, the PETN tube wall is exposed directly

to the hot explosive products which have typical peak tempera-

ture 1,-3000 0 K. Simple calculations have been carried out to

estimate the temperature distribution in the tube wall. The

results of these calculations are shown in Figure 20. The
upper curve in this figure is the temperature distribution

after 20 ;s exposure Lo a 3000WK temperature source and the

lower curve gives the temperature distribution after a 20 lis

exposure to a 1084 0 K temperature heat source. The higher

temperature corresponds to typical explosive plane temperatures

while the lower temperature is the melting temperature of

copper. Since the temperature of the explosive products falls

quite rapidly during an expansion, the actual temperature

distribution in the copper will probably be between the two.

However, no indication of melting is seen in the photomicro-

graphs, indicating that the lower temperature distribution

in Figure 20 is more nearly correct. Even for the lower curve,

temperature effects need to be considered in an analysis of

the failure mode.
The final fracture in all specimens occurs across a con-

centration of voids as seen in Figure 15 for a tensile

specimen and in Figure 21 for the shear failure of a tube

specimen. Similar results have been found by other researchers

at lower strain rates in steel and other mate,:ials15, 6
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3.6 ULTIMATE S''lRA.IN VE'RSUIS STRPIAIN RA'T'E

Fiqure 22 is a plot of the ultimate strain against strain

rate for all t(he experiments shown in Tables 1, 2, and 3. The

strains plotted in this figure are average values, which do not
take necking into account. The average ultimate strain
apparently is not significantly affected by rate of strain

below approximately 103s-I. However, between 103 and 10 4 s"
the dependence is shown to be very substantial for both ..TP and

OPIIC copper.

Another notable feature revealed by this graph is that
OtI{C copper has a greater ultimate strain at the high strain

rates. At lower strain rates, there appears to be no difference
between !.FTP and OP11C ultimate strain.

1.2

Sl F ot'trolyti tol.lhl, pitch colr.!I

i4' 1,]t O( •'&Iqil fl'eo hui(lh~ c,.liludt iv. ty .'nIp.'>r

. 2

IO0.10 if-I - 10o 11 i02 10) 104
straill I t (/e )

Fiqur-e 22. Plot of Average Ultimate Strain Versus Strain Rate
for Fully Annealed ETP Copper and OFIiC Copper. Data
from standard tensile tests; split Hlopkinson bar
tests; and exploding cylinder tests.
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A ))lot. of uiltimlate Strainl .il tile ulaked region Versus
strain rate is shiown in Figure 23. These, data are for EIVP copper

on) y and inclIude, the diamneter iiiasurewents onl failed t e n1:i Ie

specimen-3, a.nd thickne i~s me-asUremnie-nts on expanded cylinder
f ragments. Figure 23 allows~ that as the straini rate is increas;ed,

more bulk material is involved inl thie straining process.

Necking is appare~ntly suppressedI caus3ing strain to be

distribuLed more evenly through the material3., allowing higher

ultinvate strains to b- a~chlieved. Finial fracture occurs. throughi
a neck, which is bound to develop. Further discussion of~ the

mechanisms which could suppress necking are discussed in the

next Section.

rI
1A4

iii

0.1,

4 3 0 10 2 W4__

110 10'

Figure 2~3. Plot of Average 11iti mate Strain and ul timate Strain i
in Necoked R~egion V'ersus S train Rate for lFully Annealed

1:1ectro].ytic Tough Pitch Ca)Pper
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SECTION IV

DISCUSSION OF RESULTS

4.1 FAILURE MODES

4.1.1 Tensile Specimens

Figure 8 ShoWL a typical failed tensile speci-

men from the tests at •il s strain rates. Failure of these

specimens always occurred at approximately midlength; this

reassures us that failure was not induced by end effects. The

failure appears to be ductile fracture following initial

necking by plastic deformations. The final fracture surface

is inclined to the longitudinal axis of the specimen at an

angle of ,,37 degrees. Careful examination of the appearance

of the fracture surfaces of these specimens indicates a "cup
and cone" type final fracture. The surface has a coarsely

,gra.nular structure with l. ittle or no evidence of burnishing.
-4~ -1 0 1l

The fracture surfaces for the 10s and the 10 s strain

rate specimens appear to be very similar.

4.1.2 Hopkinson Bar Specimens

Late time compressive waves in the split

Hopkinson bar apparatus caused the ends of the failed speci-

men to bounce together. The resulting deformation of the

specimen ends was relatively minor, but it defeated meaningful

study of the 10 3 s- fracture surface.

4.1.3 Exploding Tube Specimens

Failure of the expanded tubes occurred by

lonqitudinal fracture. The fiagment size depended on the

strain rate of the expansi-rn. As discussed previously, tests
4 - 1

may ',. roughly categorized as high (3 x 10 s-) or ow
(104s •) strain rates dependiJng on whether, respectively, the
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Scharge was grantular PETN or Prima-Cord in oil. The largest

fragments from the low strain rate experiments were %28 mma

in the longitudinal direction by ',12 mm circumferentially. The

smallest fragments measured only a millimeter or less in width.
In the high strain. rate tests all the fragments were millimeter

size or less. These fragments are shown in Figure 13. The number

of fragments produced by the high strain rate tests was impossible

to measure because of their small size and the difficulty of 100

percent recoverv; however, the number certainly exceeded 200. On
4 -Ithe other hand, the 1 x 10 s fragments numbered not more than

ten.

E- Examination -f the low strain rate fragments

SrewvLaled the surface instabiiitLes, or wrinkles, which can also

be seen in Figure 24. There were two distinct size scales to

.he wrinkles. One set was 4 - 5 mrm and the other slightly sub-

milimeter. Failure was assoclated with the larger wrinkles.

In all cae.s the fracture began on the outside

4 -1 Isurface of the tube. On the I. x 10 S tubes the dimpling

associated with neckincl was chiefly on the outside surface.

A% indic-alted, in Table 3 and 1;'-.g(ure 23, very little neckLing

occurred before failure of these tubes.
4 - 1On -he 3 x 10 s fracments the cracks initiated

at thc outside surface. The cracks initially appeared in the
S.".leys between the laroer (4-5 mm) wrinkles. Necking at the

fracture involved a very small amount of material; the width

of the necked region was at most two wall thicknesses in the

ci.rcumferential direction. As indicated in Figure 23, the wall

thickness in the necked regions was reduced to about 0-6 of the

wall thickness of the bulk material.

The tailure surfaces on thie I x 10 s specimens

were roughly on an anlIe approximately 45 degrees to a normal

to the specimen surface. The fracture surface was usually a

single shear plane, running all the way across the wall of the

tube from outside to inside. The shearing surfaces had a

- , - -. --.----.. .-.-.' . .... S . . - ' 1 - I ' 1. .



Surface
Instabilities

Figure 24. Fragments from a 1 x 10 4s- Exploding Tube Experiment

castellated, coarsely granular structure with no indication

of barnishinci.

Somewhat different features were observed in the

highest rate expansions, '\3 x 10 4s-. The fracture surfaces

were on a steeper angle, approximately 60 degrees, to the

surface normal. The surfaces were also generally a single

shearing plane running completely across the tube wall. The

surfaces had a definite shear-slip appearance, e.g., they were

drawn to a very thin shear-lip at the surface. A moderately
burnished appearance is notable for this surface.

J1

4.2 DISCUSSION OF FAILURES

It is apparent from the preceeding discussion that more

than one failure mode was activated in these tests. This

section contains a general discussion of mechanisms which
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could effect the strain to failure. Several factors, including
strain and strain rate will be discussed which are likely to

have significant effects on ultimate strain.

4.2.1 Strain Hardening

In general, the condition necessary to initiate

an instability (thus, a failure) in the uniform flow of metal,

requires that the next increment of strain-induced hardening be

negated by an accompanying strain-induced softening. When this
occurs, further straining will tend to concentrate at the

location where the resistance to flow was first lost with very

little strain distributed throughout the bulk material. The

altimate strain measurements appearing in Figure 22 (c versus
7) are useful for determining maximum unifo:m strain which may
be expected in other high deformation processes.

Strain hardening may be due to many factors.
Its effect is t.o cause an increase in the flow stress, o, for
a strain increment AE. The derivative with respect to strain

Ot flow stress is do/dc. Since o is, in general, a function

of strain, strain rate, temperature, surface energy, etc.,

(i.e., a kcT, y, .. ;e may writec

do/dc , + -_ d. + dT + ...+ (5)d i)T dc ýy dc

Any term on the right of this equality which becomes suffi-

ciently negative in magnitude can be the source of an

instability condition. For metals, the first three terms on
the right-hand side of the equation usually dominate.

For the tensile specimens at low strain rates,

the strain hardening is due to the term. The onset of an

instability begins when further increases in strain occur with
dFno further increases in load (i.e., - 0). The load-carryingdL

ability of the specimen is F = TA, where A is the area on which

the stress T acts. The instability condition gives
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A 3T _ - A

with

dA
A'

necking in the tensile specimens will initiate when

dT _-= T. (6)

Thus, necking for tensile specimens at low strain rates is
closely related to geometric changes.

Strain hardening at low strain rates has been
described several ways, but the most widely used seems to be

the power law relationship

n i -
( = Kf- (7)

where K is a "flow stress" and n is the strain hardening expo-
nent. Backofen 1" describes this and other relationships for

stress-strain hardening. From Equations (6) and (7) an
instability will occur when

Sn. (8)

Values of K and n for an annealed copper are 3.2 Kbar and
0.54, while for an annealed and tempered 0.05 percent C steel

sheet K = 5.0 Kbar and n = 0.23.18 These numbers indicate

that copper undergoes more strain hardening than steel for the

same amount of strain.
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Comparing Equation (8) with Figure 22 it appears

that influences other than strain hardening are negligible to
3 -110 s strain rates. Equation (7) can be used at these lower

strain rates to give approximate description of the stress-

strain curve.

Tubular steel bomb casings, driven radially

outward by high explosive detonation pressures, possess certain

similarities to the exploding cylinders used in these ultimate

strain tests. Taylor 19 devised models to describe bomb dynamics

and Iloggatt and Recht 2 o studied the influence of stress state

on the deformation and fracture behavior of bomb casings. The

model used by these investigators is based on the effects of

the compressive hoop stresses in the cylinder wall during

expansion. These stresses are due to the explosive pressure and

the inertia associated with the tube wall movement at the

beginning of motion. At the beginning of the expansion event,

compressive hoop stresses extend to the outside surface of the

tube. As the expansion continues, the magnitude of the

compressive hoop stresses diminish, first at the outer surface.

Gradually, the hoop stresses become tensile. Thus, a boundary

between regions of compressive and tensile hoop stress moves

inward across the tube wall as the expansion progresses. The
position of the zero hoop stress boundary at any point in the

expansion process is mainly dependent on the detonation pressure

and the mass of the tube. During the expansion, the radial

stress component is compressive, equal to the detonation pressure

at the inner tube surface and falling to zero at the outer surface.

vihe axial stress in the tube is at first compressive, due to

shock waves in the tube. The axial stresses fall to nearly

zero very early in the expansion. Osborn's1" TOODY calculations

for a uniformly expanded tube support these generalizations.

Stress calculations from the TOODY program are shown in

Figure 25 for a 21.6-mm OD by 1 .27-mm wall thickness by

152-mm -- ong copper tube expanded by 0.88 (/cm3 PETN detonation

pressures. These plots of stress are for a point at the
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midlength in the tube 0.32 ini from the outside surface. Thus,

the tube experiences highly triaxial nonconstant stress states

during the expansion. A;%

One consequence of the existence of compressive

hoop and radial stresses on the inner portion of the tube wall

is that fracture must begin on the outside surface, and at

anytime of the expansion fractures may only penetrate to the

boundary between tensile and compressive hoop stresses. This

theory is supported not only by evidence from the present

tests, but by work of Taylor" 9, Famiglietti 21 , Allison and 4

Schriempf 22 , and Hoggatt, et al.J° Taylor suggested the

fractures would be radial, but Hoggatt and Recht described

fractures occurring on shear planes described for the present

tests in Section 4.1.3. The radial fractures described by

Taylor occur for very low order detona$-ions as discussed by

Hoggatt and Recht..e

The expansion process is diagrammed schemati.-

cally in Figure 26. The model predicts fractures to extend no

further inward from the outside tube surface than the boundary

where the tensile hoop stress is equal in magnitude to the

compressive radial stress. Expansion in the compressive hoop

zones takes place by a process of extrusion while in the

tensile hoop region, fractures occur. This takes place when

the tensile hoop stress becomes equal in magnitude to the

compressive radial stress. Complete fracture is predicted

when the tensile hoop stress equals the m-adial stress at the

inside surface of the tube.
Hoggatt and Recht 20 developed a model to predict

the location of the compressive/tensile boundary as a function

of tube radius, based on the equation of motion for the tube

and assuming isentropic expansion of the detonation gases.

Figure 26 is based on this development, and is the result for

a mild steel tube (50.8-mm ID by 6.35-mm wall thickness

expanded by RDX explosive with a Chapman-Jouquet pressure of

157 Kbar). The theory predicts failure radius to within nine

percent of experimental values for mild steel. 2 0
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Figure 26. Fracture of Explosively Expanded cylindrical Tube 20

Iloggatt and Recht's model was used to estimate

the failure radius for the copper tubes of the present study.

For the steel tube the calculations agree with the findings

of Hoggatt and Recht, (i.e., failure strain = 0.44). For the

copper tube, failure is predicted at a strain approximately

0.5 for the PETN filled cylinders and 0.37 for the Prima-Cord

shots. These calculated values are significantly lower than

those found in this program, as shown in Table 3. Two factors

may explain the excursion of theoretical results from experi-

mental findings. These two factors include explosive loadings

incorrectly modelled and failure of the model to account for

all strain hardening effects. First, the loading effects will

be discussed with the strain hardening effects delayed until

later.
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With the low density PETN, the Chapman-Jouquet

(CJ) pressure is approximately 70 Kbar. This value is less

than half the CJ pressure for the RDX modelled by Hoggatt

and Recht. Also, the mass ratio of initial loadings of PETN

to RDX is 0.09 and for the Prima-Cord to RDX loading it is

0.006. The model predicts fracture from outside surface to

the radius where Io0I =Ir'- With the substantially smaller

loads of the UDRI tests, the compressive/tensile boundary will

move across the wall thickness after lower radial expansions

causing the tube to go into a state of tensile hoop stress

earlier, at which time the model predicts failure. The

higher density loadings used by Hoggatt and Recht caused

acceleration of the tube during much, if not all, the expansion,

thus delaying tensile hoop stresses until deformations had

occurred. Although failure in the steel tubes may be modelled

with this theory, it does not do well for copper.

Although the model does not accurately predict

Li'Lu-e in Lhe copper tubes, it does focus attention on the

importance of the initial compressive stress and strain states,

on the subsequent tensile straining of the material. Relative

to the steel, the copper tubes would tend to undergo more
strain hardening in the early stages of expansion. The effect

of strain hardening is to cause the . term on the right-hand
do

side of the I strain hardening Equation (5) to become more
dt4

positive. Strain hardening during early stages of tube expan-

ssion, when stresses are compressive, will also cause a positive

iocrease of the term. This increase will tend to diminish

or delay negative effects of the other terms, thus increasing

d-c: Physically, the strain hardening will cause a more even

distribution of the stress and strain in the tube wall. The

net effect is to cause more uniform tensile flow before

failure, by suppressing instabilities.
'The higher concentration of voids at the inside

surface of the tube wall as shown r.n Figure 19 may be explained

by consideration of the high triaxial st:ress state and the

t f•r-
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extrusion which takes place there. Hancock and Mackenzie 3

have an in-depth examination of this process for steel, but

the analysis may be applied to any ductile material.

Basically, the voids would be expected to

nucleate froin the high number of CuO2 inclusions usually

present in ETP copper. The subsequent coalescence of these

voids during further straining would be related to stress and

strain rate by 3

dR 0.28 dE exp (3o /2u)

where

R is the mean hole radius

dc is the plastic strain increment
0i is the mean or hydrostatic stress

7 is the deviatoric portion of the stress.

Hancock and Mackenzie assume that the failure strain is

inversely proportional to hole growth rate, to give

fC a exp, (-3 ore/2 Fil

where

fC" is failure strain

cX is a material constant

Thus, for the high triaxial state of stress in the tube wall,

hole growth rate would be predicted to be high. Also, the more

nearly uniform distribution of the voids in the 1 x 10 4 s-

strain-rate fragments is possibly due to the miuch bss severe

triaxial stress state and shorter duration of the stress state

for these specimens.
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This conclusiion may be used, at least qualita-

tively, to explain the higher ultimate strains measured in I
the LIA, results, shown in Figure 22. The ratio of the -

explosive loading energy in the UDRI experiments to those of

LI.. is at most 0.35, and as small as 0.09. Thus, for the LLL

experiments the tubes should have undergone more compressive

strain hardening and therefore larger ultimate tensile stirainls

would be expected.

4.2.2 Strain-Rate Hardening

The second term , d in the strain hardening

equation is the strain-rate hardening term. Both parts of

this term are normally positive and thus the term is a source

of instability resistance. 4- is positive because stress
N1

normally increases with strain rate and ¢--- is positive because

of geometrical changes as the neck begins to form. ,
Most strain-rate hardening theories have been

developed for 'creep' conditions.'' Those theories are usually

based on sonie dislocation theory of sl ipcreep Or oiln diffusional

flow theories of single atoms. These theories are more
ClpprolnI)iatel.vapplied to strain rates of 100 s1 and less.

Kumar and Rumble"" used a compressive split

lopkinson bar apparatus to load OFIIC cop', r specimens to strain

rates above 10 s They found that the strain hardening j-i

sensitivity of copper- may be divided into two regions.

1) A thermally activated region below 10-2s strain I
rates, and I

2) A viscous damping region above 1.3s - strain rates.

Kumar and Kumble correlate their experimental

results with a theory of viscous phonon drag, at high strain

rates (i.e., i0s- . In this theory, phonons are considered

a source of dislocation damping. ThUs, strain rate effects I
are directly related to dislocation mobility and the density

of mobile dislocat-ions in the metal. This dislocation mobility I
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is explained in termns of a dislocation multiplication and

annihilation mechanism. Mobile dislocations are multiplied

when collision with fixed dislocations occur. Annihilation

happens when a mobile dislocation meets another mobile or

higher energy fixed dislocation. A linear relationship between

flow stress and strain rate was found in this higher strain-

rate (>103s-I) viscous damping region.
In the UDRI experiments as in those of Kumar

and Kumble, the viscous damping mechanism has an effect to

more evenly distribute stresses in the material by delaying

local concentrations of dislocation pile-up until late very

high strains are reached.

Physically, when strain-rate hardening occurs

it has tile same effect as strain hardening. That is, it

increases the magnitude of the flow stress thus causing a

tendency to prevent necking. This effect may be used to

describe the increase in neck length observed from the

4 x 10-4s-I strain rate tensile specimen to the 1 x 103- S 1

strai.n r'ate split iopki•u•io baii specimen. Ir. would also

follow that the increased hardness of the higher rate tensile
specimens is due to strain rate ha.rdening, since ultimate strains

are approximately the same as in the low rate samples. The

increased hardness of the tube specimens is likely due to a

combination of strain and strain rate hardening effects.

4.2.3 vhermal Hardeninx

The third term 3o( dT of the hardening equationDT dc.
is usually negative, thus encouraging instability growth.

dT
Since the deformation work appears as heat t[ is positive.
Usually, T. is negative because with increasing temperatures

more thermal agitation is applied to fixed dislocations,

lowering the stress required for dislocation movement. This

process of thermal agitation of dislocations is a more stable

process when the agitation is localized, resulting in insta-

bilities in the material.
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Adiabatic shear processes iiormally occurring

in me.tals at higher stra.in rates have not been observed in

copper"• due to the effects of strain and strain-rate

hzardening as previously described. The UDRI specimens do not

show these failures which are usually characterized by very

thin failure bands in high strain-rate processes.

The increased temperatures applied to the tubes

as discussed in Sectioni 3.5 would tend to increase ductility.

However, the external.ly applied temperature increase is pro-

bably a second-order effect when compared to the strain and

strain-rate hardening effects imposed at high strain rates.

Until very late in the expansion process only an insignificant

portion of the tube wall experiences high enough temperatures

to affect mechanical properties.

I
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SECTION V

CONCLUSIONS AND R.BCOMMENIDATIONS

j ~ Vlhe. results oF this study clearly i.ndicate Lhat average

ultimatce strains of at least 1. 1 ma\' be obtained for strain
4 Irates (at. ultimate strain) of 2.5 x 10O S Sig~ni ficaat

-increascs mlay be observed at strain rates in t-he vicinity of

1 X 1 0

In Figure 23 average ut.,Iimate strain and true ultimate

strain are plotted agai~nst strain rate. F.Lim this figure

one mnay obsevve t~hat between strain rates of it x 10 -4s -1and

"-10 3 s- urain- rate effects have negligible influence on

ulIt: ima te s tra in. Quasi-static valuesi of ultimate strain miox

be 'used contfidently at- these strain rates.

At strain rates above 10 s 1  flow sitresýs i, .pparently

i~ncreased, resultingj in a more even distribution of strains.

As a rces-ult, the s-ýrain does riot coiicentrate into a siogle

n :-_- region,. bu~t instead involves the bulk cf the material

in the specimnen. As discussed in Section 4. the incrizase in

uli"imate. strain may be, attributed to strain and Litrain-rate

hardening, and to the effects of applied triaxial stre-.sses..

As shown by B3ri:_'geman,'2 a niearly hydrostatic2 stress state will

altlow uniform straining to relatively high ultimate -trains.

We recommrend fuirther testing with the exploding cylinder

techniqlue discussed in this paper. This testinco. Should be done

and the results should be co:mpared to split Hiopki~nson bar

measurements. As a result of this testing, the effects ofz strain

rate and stress state on ultimate strain wi-ll be miore- clearly

delineated. Continued testing with Electrolytic Tough Pitch

coi-pper would provide a broaaier data basýe from which the premises

presented in this paper c_-ould be st-udied. Extension to other

materials would also be a na-1ural step. Twith existing methods,

-~- - - - - - -



the exploding cylinder technique may be used to determine
4 -1

material behavior to strain rates greater than 3 x 10 s

61I
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APPENDIX

FRAMING CAMERA RECORDS AND STRAIN VERSUS TIME

PLOTS FOR UDRI EXPLODING CYLINDERS
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